Under the background of economic globalization, selecting a path of low-carbon economic development and developing green supply chains are the inevitable choice of realizing the sustainable development for the enterprises. In this paper, we investigate the optimization decision problem of supplier selection in green procurement under the mode of low carbon economy. Concretely, we construct a new evaluation system for green supplier selection by considering commercial criterion and environmental criterion, and then present a decision method with 2-tuple linguistic assessments for green supplier selection. In this proposed decision method, all original decision data are transformed into linguistic 2-tuples, and then a ranking method based on 2-tuple weighted averaging (TWA) operator and 2-tuple ordered weighted averaging (TOWA) operator is presented to rank all alternative suppliers. Moreover, we provide an application decision making example of green supplier selection and compare our method with the method of linguistic 2-tuple Technique for Order Preference by Similarity to an Ideal Solution (LT-TOPSIS) to demonstrate the practicality and effectiveness of our decision method.
Introduction
With the intensification of market competition, people pay more and more attention to the environment pollution and low carbon economy. A low carbon economy (LCE) is an economy based on low carbon power sources that therefore has a minimal output of greenhouse gas (GHG) emissions into the environment biosphere, but specifically refers to the greenhouse gas carbon dioxide [1, 2] . In the background of coordinated development of economy and environment, green supply chain management (GSCM) is developed rapidly and is considered as an important way for enterprises to achieve sustainable development [3] . It is of great practical significance for enterprises to solve environmental problems and achieve sustainable development through the implementation of GSCM [4, 5] . GSCM will enable enterprises to obtain economic benefits while also to get social environmental benefits.
In the GSCM under a low-carbon economy mode, the competition means of enterprises have developed gradually from quality competition, service competition and brand competition to green competition, and the international green trade barriers are threatening the export of our products and directly affect the competitiveness of our business in the global market. Faced with the pressure from a variety of competitions, the enterprises must do green reformation for the whole supply chain starting from raw material procurement to strengthen their competitiveness. As a source of green reformation, green procurement is the key to the success of reformation. Green procurement is the procurement practice which considers environmental factors together with a series of actions such as reducing procurement costs, reducing carbon emissions, protecting the environment and resources, and so on. Green procurement is an efficient procurement, which considers that how to reduce negative impaction on environment that bring from procurement, and meanwhile to meet the requirements of products and services for the buyers under the condition of costs controlling.
In the green procurement management, one of the important activities is the supplier selection, especially to select green suppliers in line with the sustainable development strategy. Suppliers are in the upstream of the whole supply chain, and their activities will be passed to each node of the whole supply chain. The role of green suppliers on cost savings and environmental protection can be passed through to all nodes of the downstream in supply chain, so as to improve the overall efficiency of the supply chain. In this sense, supplier evaluation and selection plays a pivotal role in the overall green supply chain, which will directly affect the competitiveness of enterprises and the operating results of the entire green supply chain. Therefore, to present a scientific and reliable evaluation system and evaluation method for green supplier selection is a very important problem with realistic significance.
Up to now, there are many scholars proposed a number of different evaluation methods and models to solve the problem of supplier evaluation and selection. To sum up, they are mainly divided into three categories. The first one is the qualitative evaluation methods [6] like intuitive judgment method, Delphi method, negotiation method, and so on. These methods are simple and easy to operate, but they are too subjective and lack of science and rationality, and most of them make decision making based on experience or some certainty attributes. Thus, the qualitative methods are gradually replaced by the quantitative selection methods in the practice. The second one is the quantitative selection methods, such as benefit-cost analysis method [7, 8] , analytic network process (ANP) [9, 10] , data envelopment analysis (DEA) [11] , Green DEA [12] , VIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR) method [13, 14] , techniques for order preferences by similarity to ideal solution (TOPSIS) [15, 16] , grey relational analysis model [17, 18] , two-level genetic algorithm [19] , believable rough set approach [20] , new normalized goal programming [21] , multiobjective linear programming [22] , mixed integer programming [23, 24] , multi-objective integer linear programming [25] . These quantitative selection methods have more obvious advantages than the qualitative selection methods, and can solve specific problems under the deterministic environment, but the quantitative selection methods are generally based on deterministic evaluation attributes, and are difficult to quantify some qualitative attributes, and then unable to meet all requirements of processing uncertain information in supply chain environment. The last one is the combination of quantitative and qualitative methods, such as analytic hierarchy process (AHP) [26, 27] , fuzzy AHP [28] , D-AHP [29] , fuzzy TOPSIS [30, 31] , hybrid model including fuzzy ANP and fuzzy TOPSIS [32] , integrated method including fuzzy AHP and fuzzy TOPSIS [33] , hybrid method including AHP, DEA and neural network (NN) [34] , integrated method including artificial neural network (ANN), DEA and ANP [35] , and so on. The combination of quantitative and qualitative methods can solve more decision problems of supply selection with the uncertainty under the complex and changeable situation by more scientific and rational way.
Obviously, the study of supplier evaluation and selection has been a hot research topic of supply chain management, and the recent research has the following trend. Firstly, the evaluation attributes and index system gradually become systematic, diverse and comprehensive. Secondly, the evaluation methods and models tended to be more and more reasonable from the original mainly qualitative judgment, and gradually to develop into the direction of the combination of qualitative and quantitative methods. On model applications, the single methods are replaced gradually by the combination methods formed by multiple single methods. Thirdly, the evaluation object gradually refined from the original general studies to steer specific industries and specific supplier evaluation. And some studies have proposed different evaluation index systems for different industries and suppliers.
From the comprehensive analysis of existing methods of supplier selection, we can conclude that quality, price/cost, flexibility, delivery time, service ability and supplier's reputation are the main evaluation criteria to be considered in most methods for selecting the best fit supplier. However, not many studies have considered the environmental performance and the related issues for supplier evaluation and selection. Even though there are a few methods to consider environmental factors, most of them are based on the assumption of complete and certain decision-making information. However, in the practical decision making of supplier selection, it is difficult to get the supplier's precise data and information of environmental performance for the buyer when considering the environmental attributes such as environment treatment input and low carbon emissions. The evaluation results of these attributes are given often only in the form of linguistic fuzzy variable (such as better, good, bad or very high, high, low). This fact puts forward a challenge to the existing supplier selection methods. In essence, mainly because there are often incomplete information sharing between suppliers and buyer, coupled with the complexity of the decision-making environment, thus lead to a certain fuzzification and uncertainty to the carbon emissions data. Therefore, how to deal with fuzzification and uncertainty under a complex and fuzzy situation in the green supplier selection process is the focus of our study.
In this paper, we focus on investigating the problem of supplier selection in the green procurement under the background of low carbon economy and green supply chain management. A new evaluation system for green supplier selection is constructed by considering the attributes under commercial criterion and environmental criterion. Then an optimization decision method with 2-tuple linguistic assessments is designed for selecting green suppliers. Our contribution is thus to provide a theoretical basis and decision-making reference to help firms select green suppliers in green supply chain management under a complex and fuzzy information environment.
The rest of this paper is organized as follows. Section 2 proposes an evaluation system for green supplier selection by considering the commercial criterion and the environmental criterion. Section 3 presents a multi-attribute group decision making method with 2-tuple linguistic assessments for green supplier selection under a fuzzy uncertainty information environment. Section 4 provides an application decision making example of green supplier selection and compares our method with the method of LT-TOPSIS to demonstrate the practicality and effectiveness of our decision method. Section 5 concludes the paper.
Evaluation System of Green Supplier Selection
Suppliers' environmental performance also determines the environmental performance of purchasers. Therefore, when dealing with the problem of green supplier selection, we not only consider the commercial criterion in the traditional supplier selection, such as product quality, price, delivery time, suppliers' reputation, service quality (including cooperative attitude and aftersales service), but also consider the environmental performance of suppliers [1, 2, 12, 31, 34] , namely, (1) environmental quality criterion: pollutant emissions level in the production, rate of reaching the standard for main attributes of environmental quality, the consumption of environmental resources, level of poisonous and harmful material use, recycling utilization level of waste material, and so on. (2) Environmental management criterion: the establishment of environmental management system, discharge payment, pollution treatment and control, and so on. (3) Environmental input criterion: costs of clean production technology development, investment of environmental technology development and maintenance personnel, costs of education and training of staffs, and so on. This paper presents a new evaluation system for green supplier selection by considering both the commercial criterion and the environmental criterion. The detailed evaluation system is shown in Table 1 . A 1 quality, refers the level of supplier to meet the quality standards. Here we use the rate of qualified products to reflect the product quality level. Rate of qualified products is equal to the number of qualified products divided by total production. The specific calculation formula is as follows.
Rate of qualified products =(N N l )/N*l00%, where N is the total procurement quantity within a certain period T, and N l is the quantity of inferiorquality product within T. Qualified level of products can be characterized by the standard of the quality system such as the international ISO standard, or other established norms.
A 2 Price, is a core attribute in supplier evaluation, refers to the selling price of unit goods for a supplier. Usually, suppliers will submit the values directly to the buyer in the form of precise values in conjunction with their actual input costs.
A 3 Delivery time is the time taken by a supplier to deliver the goods to a buyer under contract. This time can be either early, on-time or late, as it is affected by production, transportation, and inventory.
A 4 On-time delivery rate, refers to the percentage of the number of on time delivery in total number of delivery within a certain time. The specific calculation formula is as follows.
On-time delivery rate =(The number of on time delivery within a certain time / The total number of delivery within a certain time)*100%.
A 5 After-sales service level, refers to a series of services include product introduction, delivery, installation, commissioning, maintenance, technical training, on-site service and consulting given by the supplier after winning the contract. A good supplier must have good service attitude, timely service and high customer satisfaction.
A 6 Supplier reputation is an important attribute which is related to the success of fulfilling the procurement contract. A supplier with good reputation has good peer evaluation, and can always fulfill the procurement contract to provide high-quality products within a specified time.
A 7 Carbon emissions, refers to carbon emissions of per unit of output, which is equal to the value of total carbon emissions divided by total production.
A 8 Level of wastewater discharge. Decrement rate of wastewater discharge is used to measure the level of wastewater discharge for a firm. This can be quantified as Decrement rate of wastewater discharge a 1 =(wastewater discharge amount in current period wastewater discharge amount in prior period)/ wastewater discharge amount in prior period. ) ; Poor(80dB a 3 <90dB); Acceptable(60dB a 3 <80dB); Good50(dB a 3 <60dB); Best(a 3 <50dB) Worst(a 4 <40%); Poor(40% a 4 <60%); Acceptable(60% a 4 <80%); Good(80% a 4 <90%); Best(a 4 90%) Worst(a 5 15%); Poor(12% a 5 <15%); Acceptable(8% a 5 <12%); Good(4% a 5 <8%); Best(a 5 <4%) Worst(a 6 <70%); Poor(70% a 6 <80%); Acceptable(80% a 6 <90%); Good(90% a 6 <95%); Best(a 6 95%) Worst(a 7 <2%); Poor(2% a 7 <3%); Acceptable(3% a 7 <4%); Good(4% a 7 <5%); Best(a 7 5%) Worst, Poor, Acceptable, Good, Best benefit cost cost benefit benefit benefit cost benefit benefit benefit benefit benefit benefit benefit benefit A 9 Level of solid waste generation. Decrement rate of solid waste generation amount is used to measure the level of solid waste generation, and which refers to the control of the remaining sludge and industrial waste from metal processing, smelting, casting, power production of raw materials and water treatment. It can be expressed as decrement rate of solid waste generation amount a 2 =(solid waste generation amount in current period solid waste generation amount in prior period)/ solid waste generation amount in prior period.
A 10 Noise level. Noise will affect the producers, transporters, users and the environment during the entire life cycle of the product. Usually, the allowable range of environmental noise a 3 is 50 to 80 dB (Standard of Environmental Noise of Urban Area GB3096-93).
A 11 Recycling utilization level of waste material. Recycling utilization rate of waste material is used to measure the recycling utilization level, which refers to the percentage of recycling utilization amount of waste material to total generation amount of waste material, i.e., recycling utilization rate of waste material a 4 =(recycling utilization amount of waste material/total generation amount of waste material). Generally, to realize the material integration, energy integration and water resources integration, the recycling utilization rate of waste material a 4 should be at least 80%.
A 12 Level of poisonous and harmful material utilization, refers to the percentage of the usage quantity of poisonous and harmful material in total usage quantity of all material within a certain time. According to the relative regulations of clean energy utilization, the usage rate of poisonous and harmful material a 5 should be far less than 15%.
A 13 Level of clean energy utilization, refers to the percentage of the usage quantity of clean energy in total usage quantity of all energy within a certain time. The higher the proportion of clean energy utilization, the less the environmental pollution is. The usage rate of clean energy a 6 should be more than 85% for an enterprise in green supply chain.
A 14 Level of environmental protection input, which can be measured by the percentage of total investment of environmental protection to the total investment of the firm within a certain period of time, i.e., Investment rate of environmental protection a 7 =(total investment of environmental protection within a certain time period /total investment of the firm in the same period). Generally, SSCM requires that a firm's investment rate a 7 for environmental protection should be more than 3.0%.
A 15 Level of environmental management, which is mainly measured by the development and implementation of environmental management systems and related regulations, and the level of environmental information management. A good supplier should have a perfect environment management system and regulation, and the implementation is very good, and the data monitoring for environment is realized.
The above 15 attributes form the evaluation index system to evaluate and select the green supplier. These attributes can be divided into qualitative attributes and quantitative attributes. The values of quantitative attributes can be given in the form of precise real numbers by the buyer or by the supplier himself. For the qualitative attribute, the buyer can synthetically consider the performance of each attribute and provide the evaluation value for each alternative supplier in the form of fuzzy linguistic variables namely, "Worst, Poor, Acceptable, Good, Best". The detailed scale for the performance values of attribute is shown in Table 2 . In addition, the above15 attributes can be classified as either benefit type or cost type. The detailed classification information is also shown in Table 2 .
Optimization Decision Making Method of Green
Supplier Selection
Problem description
The problem of green supplier selection under the background of low carbon economy and green supply chain management is described as follows. Suppose that there is a firm wants to procure 0 G units goods, and n alternative suppliers participate in the supply competition. The set of the alternative suppliers is denoted as
. The above 15 evaluation attributes listed in Table 1 
Then our task is to select optimal green supplier according to the information in the l original decision matrixes 1 X , 2 X …, l X .
The linguistic 2-tuple
The 2-tuple fuzzy linguistic model was developed by Herrera and Martínez [36] . Since the 2-tuple linguistic model can express any counting of information in the universe of discourse and avoid the information loss in the process of linguistic information processing, it has been widely studied and applied in decision making [36, 37] . Next we give some relative definitions, operations and properties of linguistic 2-tuple. 
The decision method with 2-tuple linguistic assessments for green supplier selection
In this section, we propose a decision method with 2-tuple linguistic assessments based on section 3.2 to solve the problem of green supplier selection. The algorithm and decision process are given as follows.
Step 1: l experts make the comprehensive evaluation and give the performance results for all alternative suppliers. Then the original decision matrix determined by the expert k is denoted as Step 5: Use the TOWA operator in Definition 8 to aggregate the overall evaluation value k i r corresponding to the expert k (k=1, 2, …, l) and get the collective overall evaluation value for alternative i C , i=1, 2, …, n,
where ={ 1 , 2 , …, n } is the weighted vector correlating with TOWA, such that 1 0
Step 6: Rank n alternative suppliers according to the value of 2-tuple ) , (
, and select the best green supplier(s). The greater the value of ) , (
, the better is alternative supplier i .
A Decision Example of Green Supplier Selection
In this section, we use a decision making example of green supplier selection to show how to implement our decision method and to demonstrate the effectiveness of our method. 
For the attributes of A 2 Price and A 3 Delivery time, the attribute values are submitted by the alternative suppliers directly to the buyer in the form of precise values in conjunction with their actual input costs and transportation capability. Moreover, the experts will determine the precise evaluation values for the attributes of A 1 Quality, A 4 On-time delivery rate and A 7 Carbon emissions (tons) according to each alternative supplier's relative historical statistical data. That is to say, the attribute values of A 1 , A 2 , A 3 , A 4 and A 7 are all precise values and the same public information to three experts. The evaluation values of the rest ten attributes are given in the forms of s 0 (Worst), s 1 (Poor), s 2 (Acceptable), s 3 (Good) and s 4 (Best) by all experts according to their experience, knowledge level, judgment, and so on. After evaluating the 15 attributes for all 5 suppliers by using the evaluation scale for performance values in Table 2 , the expert k gives the original decision matrix 5 15 ) (
. They are all listed in Tables 3-5 . Based on the data information in original decision matrixes 1 X , 2 X , and 3 X , the decision task is to evaluate all alternative suppliers and to select optimal green supplier.
Decision making process
Applying the decision method given by section 3.2, we give the decision making process for select optimal green supplier as follows.
(1) Use Eqns (1) and (2) to process the data in original decision matrixes 1 X , 2 X , and 3 X given by Tables 3-5, and 3 new decision matrixes 1 Y , 2 Y and 3 Y are found (see Tables 6-8) . Table 3 . Original decision matrix X 1 r r r r r , the optimal green supplier is C 4 .
Discussion
The evaluation result of green supplier selection in the above example is obtained under the assumption that all alternative suppliers have enough strong supply capacity. However, in the practical procurement, sometimes the firm needs to procure a huge number of goods, a single supplier only can provide a limited number of goods and not enough to satisfy all the needs for the firm within the stipulated time. Thus, the firm has to use the multi-source procurement strategy, that is, he will select multiple suppliers to supply the goods which he needs. In this case of above example, we can select multiple winners according to the evaluation result r r r r r , i.e., the supplier C 4 is the first winner and he gets the supply preferentially. If the supply is remaining, then the supplier C 2 is the second winner to supply the remaining part preferentially. Repeat this same process, until all supply of goods is fully allocated. In addition, in order to further illustrate the feasibility and availability of our proposed decision making method in this paper, we compare our supplier selection method with the method of linguistic 2-tuple TOPSIS (LT-TOPSIS) [41] . The decision method of supplier selection based on LT-TOPSIS is described as follows.
Step 1-Step 2: See step (1) and step (2) in section 4.1. Then we can get the linguistic 2-tuple decision matrix 5 15 )) , (( Tables 9-11 ).
Step Table 12 ), where Step 6: Calculate the relative closeness degree of each alternative supplier from TLPIS using the following equation. Step 7: Rank all alternative suppliers according to the value of ) , ( can only show relative ranking order of alternative suppliers, but have no definite and specific meanings on the evaluation rating.
(ii) In the practical group decision making, there are maybe some experts assign unduly high or unduly low uncertain preference values to their preferred or repugnant objects [42] . To relieve the influence of these unfair arguments on the decision results and reflect the importance of all the experts, we use the TOWA operator to aggregate all the individual weighted overall preference values of each alternative into the collective ones of alternatives. That is, TOWA operator may well weaken the adverse effects of emotional factors in the decision-making process, and can make the decision results more fair and reasonable through assigning low weights to those ''false'' or ''biased'' arguments. But these advantages can not be reflected in the method of LT-TOPSIS.
Conclusions
This paper proposes a new evaluation system for green supplier selection by considering the attributes under the commercial criterion and the environmental criterion, and presents a multi-attribute group decision making method with 2-tuple linguistic assessments for green supplier selection under a fuzzy uncertain information environment. In order to demonstrate the practicality and effectiveness of our decision method, we also give an application decision making example of green supplier selection and compare our method with the method of LT-TOPSIS. The comparison results show that our method has some advantages, i.e., our method can not only rank the order but also give the specific comprehensive evaluation ratings for all alternative suppliers, our method can well weaken the adverse effects of irrationality in the decision-making process and can make the decision results fairer and more reasonable by assigning low weights to those untrue or biased arguments, our method can effectively avoid the loss and distortion of information in the process of information gathering, and so on. Our future research is to present some new aggregation operators with linguistic 2-tuple assessment information just like TOWA to solve the problems of green supplier selection under multiple uncertain (e.g. fuzzy and grey) information environments.
